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{6f < ABSTRACT
Laboratory tests were conducted on rock core samples rrceived
from six core holes in the Michigamme study area of Marquette and
Baraga Counties near Sawyer Air Force Base, Michigan. Results were
used to determine the quality and uniformity of the rock to depth: of

200 feet below ground surface,

The rock core was petrographically identified as precdo-minately

4 tonaliie, potash granite, and amphibolite, with relatively minor
amounts of biotite schist and pegmatite. Most specimeons contained
fractures which ranged in orientation from horizontel to vertical.

Several s~ecimens containsed well-develcpud systems »f fracture.

VR, oo v

Evaluation on a hole-to~-hole basis indicates the potash granite

e

r.moved frim Hole M3-CR-2A and the gneissic tonalite and amphibolite

removed from Holes MG-CR-26 and -28 to be relatively competent to

Pl

very comjetent rock. These holes repr~cent materials which should
offer pocd possibilities as competent, hard rock media.

Hole MG-CR-18 yielded specimens of potach granite, tonalive. and
amphicolite. This variety of mater ais exhibited physical character-
istizs generally represantative of marginal to gocd ¢ualiiy rock, and
shouid coffer somc pcssibility as a competent hard rock medium, proe

vided the single zone of :ncompetent rock is not & disquelifying fac-

tor. The tonsiites, amphibolites, and potash granites representative
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of Holes MG=CR=1) and -3k srere generally fractured and exhibited
physic W1 characteristics typical of ruck of lower quality than that
reqiired of competent media.

The above evaluations have been bazed on somewhat limited dsts
and, therefore, more extensive investigation will be required in order

to fully define the irividual areas under consideration.
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PREFACE

This study was conducted in the Concrete Division of the U. S.
Army Engineer Waterwunys Experiment Station (WES) under the sponsor=-

ship of the U. S. Air Force Space and Missile Systems Organization

(8aMSO) of the Air Force Systems Command. The study was coordinated

with CPT Rupert G. Tart, Jr., SAMSO Project Officer, lorton Air Force

Base, San Bernardino, Califcrmia. The work was accomplished during

September of 1969 under the general supervision of Mr. Bryant Mather,
Chief, Concirete Division, and ‘'nder the direct supervision of Messrs.
o. M. Folatty, Chief, Engineering Mectanics Branch, W. 0. Tynes, Chief,

cotcrete and Rock Properties Section, and K. L. Saucier, Project Offi-

cer. Mr. C. R. Hallford was responsible for the petrography work.

Mr. R. W. Crisp performed the majority of the program analysis and
prepared this report.

Director of the WES during the investigation and the preparation

and publication of this report was COL Levi A. Brown, CZ. Technical

Director was Mr. F. R. Brown.
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CONVERSION FACTORS, BRTTISH TO METRIC UNITS OF MEASUREMENT

British units of meagurement used in this report can be converted to
metric units as follows.

Multiply By Tc Obtain
inches 2.5 centimeters
feet 0.30k8 meters
feet per second 0.3048 meters per second
pounds 0.4%359237 Kilograms
rounds per square inch 0.070307 kilograms (force) per gquare
centimet *r
6.594757 kilonewtons per square meter




CHAFTER 1

INTRODUCTION

1.1 PRACKGROUND

The purpose of this study was G0 supplement the information being
obtained for the area evaluation study by the U. S. Air Force Space
and Misszile Systems Organization (SAMSO). It was necessary to deter-
mine the properties of the specific materials for (1) evaluaticn of
the area as a hard rock medium, and (2) an analysis of the quality
and uniformity of the rock. Results of tests on cores from Barage
and Marquette Counties near Sawyer Air Force Base, Michigan, are

reported herein.

1.2 OBJECTIVE

The objective of this investigetion was to conduct laboratory
tests on samples from areas containing hard, near-surface rock to de-
termine the integrity and the mechanical behavior of the materials as
completely as possible, analyze the date thus obtained, and report the

results to appropriate users.

1.3 SCOFE
Laboratory tests were conducted as indicated in the two paragraphs

following on samples received from the field. Table 1.1 gives perti-

nent information on the various tests.
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Tests conducted to deteriine the general quality and integrity of
the rock in the area sampled were: (1) relative hardness (Schmidt
nunber), (2) specific gravity, (3) unconfined compression (conven-
tional and cyclic compression), (4) elastic moduli, and (5) sonic ve-
locity.

Special tests conducted respectively (l) to determine the degree
of anisotropy of the sampled rock and (2) to facilitate comparison of
direct and indirect tensile strengths were: (1) dynamic elastic prop-
erties along three mutually perpendicular axes and (2) tensile

strength. A limited petrographic examination was also made.

1.4 SAMPLES

Samples were received from six holes in the Michigamme area.
These holes were designated MG-CR-24, -10, -18, -26, -28, and -5k.
All samples were NX-size cores (nominal 2-1/8~inchl diameter). Test
specimens of the required dimensions as presented in Table 1.1 were
prepared for the individual tests. Quality and uniformity tests were
conducted on selected specimens from all holes. Special tests were
conducted on specimens selected from the various core holes to repre-

sent differences in rock type, weathering, etc.

1 A table of factors for converting British units of measurement to

metric units is presented on page 8.

10




1.5 REPORT REQUIREMENLS

The immediate need for the test results required that data rec-
ports be compiled and forwarded to the users as work was completcd on
each hole. The data reports of the individual test results are in-
cluded herein as Appendixes A through F.

The core descriptions as originally given ir the data reports

(Appendixes A through F) were frequently taken from the core logs

received with the sample shipments. These descriptions have been

changed, where necessary, to reflect the results of the pelrographic

examination and analysis performed at a later date.

11
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CHAPTER 2

TEST METHODS

2.1 SCHMIDT NUMEER

The Schmidt number is a measure of the relative degree of hard-
ness as determined by the degree of rebound of a small mass propelled
against a test surface. The test was conducted as suggested in Ref-
erence 1 (a Swiss-made hanmer was used); twelve readings per specimen
were taken. The average of these readings is the Schmidt number or
relative hardness. The hardness is often taken as an approximation of
rock quality, and may be correlated with other physical tests such as

strength, density, and modulus.

2.2 SPECIFIC GRAVITY

The specific gravity of the "as-received" samples was determi.ied
by the loss of weight method conducted according to method CRD-C 107
of Reference 2. A pycnometer is utilized té determine the loss of

welght of the sample upon submergence. The specific gravity is equal

to the weight in air divided by the loss of weight in water.

2.3 INDIRECT TENSION
Tensile strength was determined by the indirect method, ccmmonly
referred to as the tensile splitting or Brazilian method, in which a

tensile failure stress is induced in a cylindrical test specimen by a

13




compressive force applied on two dkametrically opposite line elements
of the cylindrical surface. The test was conducted zccording to

method ¢RD-C 77 of Reference 2.

2.4 DIRECT TENSION

For purpcses of comparison, specimens were prep~ved and tested
for htensile strength according to the American Sociecy for Testing and
Materials (ASTM) proposed “Standerd Method of Test for Direct Tensile
Strength cf Rock Core Specimens.” Tensile splitting tests were con-
ducted on specimens cut adjacent to +the direct tensile test specimens.

For the direct tension tests, the specimens were right circular
eylinders, thne sides of which were straight to within 0.01 inch over
the full length of the specimen and the ends of whicn were parallel
and ot departing from perpendicularity to the axis of the specimen by
more than G.25 degree. Cylindrical metal caps were cemented to the
ends of the specimen and provided the means for applying the direct
tensile load. The load was applied continmuously by a 30,000-pound-
capacity universal testing machine and at a constant rate such that

faiiure cccurred within 5 to 15 minutes.

2.5 COMPRESSIVE STFENGTH TESTS
The unconfined and c¢yclic comrression test specimens were prepared
sccording to ASTM and Corps of Engineers standard method of test for

triaxial streagth of undrnined rock core specimens, CRD-C 147

1k
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(Reference 2). Essentially, the specimens were cut with a diaiond
blade saw, and the cut surfaces were ground to a tolasrance of 0.001
inch across any diameter with a surface grinder prior to testing.
Electrical resistance strain gages were utilized for strain moasure-
ments, two each in the axial (verticel) and horizontsl {diametral)
directions. Static Young's, bulk, shear, and constrained moduli were
computed from strain measurements and were based on tangent moduli
computed at 50 percent of the ultimate strength. Stress was applied

with a L440,000-pound~capacity universal testing machine.

2.6 DYNAMIC EIASTIC PROPERTIES

Bulk, shear, and Young's moduli, Poisson's ratio, compressive ve-
Jocity, and shear velocity were determined on celected rock specimens
by use of the proposed ASTM "Standard Method of Test for Laboratory

“ermination of Ultrasonic Pulse Velocities and Etastic Constants of

Rock."

Specimr.ng were prepared by cutting the ends of the NX core with
a diamcnd blade saw, and grinding these surfaces, with a surface
grinder, to a tolerance of 0.001 inch across any diameter.

The test method essentially consisted of generating a wave in the
specimen with a pulse generator unit and measuring, with an oscillo-
gcope, the time required for the compression and shear waves to

tcravel the specimen, the resulting wave velocity being the distance

15
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traveled divided by the treveltime. Thege compressive and shear ve-
locities, along with the bulk density of the specimen, were uted to
compute the elastic properties. In {lue case ¢f the special tests
used to determine the degree of anisotropy of the samples, compres-
sion and shear veloclties were measured along two mutually perpen-
dicular, diametricsl (lateral) exes and along the longitudinal axis.
This was fecilitated by grindirg four 1/2-inch-wide strips down the
sides of the :cylindrical surface at 90-degree angles and generating
the compressive and shear waves perpendicular to these ground

surfaces.

2.7 PETKROGRAPHIC EXAMINATION

A limited petrograshic examination was conducted on samples se-
lected to be representative of the material received from the severtl
holes. The examination was limited to identifying the rock, deter-
mining general condition, identifying mineralogizsl constituents, and
noting any unusuel characteristics which may have influenced the test

reaults.

16
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CHAPTER 3
QUALITY AND UNIFORMITY TEST RESULTS

3.1 TESTS UTILIZE®

Pasri Ca experieace asccumulated thio gh testing and data analy-
sir of core from study areas previously a'aluated,l the following
physical properiies were selected for use in evaluating the quality
and uniformity of the Michigamme core: 8-hmidt number, specific
gravity, uil.imate uniaxial compressive strength, and compressional
wave velocity. Dynamic elastic constants were determined for se-
lected representative specimens and results were compared with static

elastic constants determined for these same specirens. Static mod-~

g uli were based on a Poisson's ratio and tangent modulus of elasticity
computed at 50 percent of ultimate uniaxial compressive strength.

The core received from the Michigamme study arza was, according
to bulk composition, comprised of three principal rock tvres: (1)
amphibolites, (2) granites, and (3) tonalites. Insignificant quanti-
ties of other rock types (one specimen of rhyciite, four of biotite
schist) <ere also received from the area. Diffe.ences in ulivimate

uniaxial compressive stren:th appear to have arisen from variation

1 A 1list of associated repcrts is given on the inside front cover

of this report.

17
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in rock type coupled with variation in number, nature, and inclina-
tion of fractures present in the irdividual specimens.

To facilitate analysis, data were generslly grouped according
to rrck type, and, where applicable, these general groupings were
subdivided gs~cording to physicel conditions as defined below:

1. Intact rock core, which was macroscopically free of jointe,
seams, vesicles, and/or fractures.

2. Mcderately fractui~d rock core containing horizontally or
vertically oriented fractures.

3. Critically to highly fractured rock core containing well-
developed systems of fracture, or critically oriemted fractures, i.e.,
fractures inclined with respect to the horizontal at anglés so a8 to
result in the development of shearing stresses of failure magnitude
when the specimen is subjected to relatively low axial stress.

4. Rock containing vesicles.

5. Rock containing open fractures.

Detailed physical test results are presented in Appendixes A

through F; summaries of the results are tabulated in the various

sections of this chapter.

3.2 TORALITE

Portions of the core received from four holes, M3-CR-10, -2t,

-28, and -54, were petrographically identified as tonalite amd

18
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gneissic tonalite. Thysical test results both suggested and reflected

subdivision of test results into three groups: (1) intact core, (2)

moderately fractured core, and (3) critically to highly fractured core.
A detailed tabulation and discussion of test results are given

in Appendixes B, D, E, and F. A summary of these results is given

below:
Hole Specimen Specific Schmidt Ultimate Compressional
o, %o, Gravity %o, Unisxial Wave Velocity
Compressive
Strength
psi fps
Intact Core:
M3-CR-20 8 3.09¢ 5k, 2 42,420 22,480
10 2.9 81.5 38, 19,345
MG~CR-28 1 2.790 €3.8 35,750 18,715
2 2.5 ! i oot
- .t
Average 2,853 K 35,930 20,025
Moderstely Fractured Core:
¥G-CR-10 2 2.1 - 26,540 18,925
& 2.662 59.0 25,820 18,900
18 2.659 61.8 27,180 19,410
23 2.67 61,2 29,240 17,350
WG-CK-25 6 3.070 53.a 20,580 21,635
M5-CR-28 2 2.988 61.8 18,480 20,655
& 2,97 £3.2 22,918 19,760
2 3.0%7 %3, 26,55 21.95¢
W3-CR-54 1% .70k a7 17,000 19,670
Average 2.517 52 24,542 19,605
Critically to Highly Vractured Core:
MG-CR-10 5 2.554 55.9 1,700 17,160
WG-Che5t 2 z.887 - 16,3600 19,520
6 2.6 .- 1,080 19,540
7 2.65 Li.8 16,4808 19,410
8 2.053 -- 2.910 19,360
18 z.t«}é .- 5.233 19,8680
20 2R - " 1
Average 75 .5 m 19,190

* rese specinens were chvicusly weakened ¢t & leszer degree y the well-developed systems of frac-
tare present in most of the ccre froe Hole MG-CR-S%Y, rossibly due to s more advanve: degree of
heeting of these fractures.
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The intact tonalite from the Michigamme study area appeared to
be quite strong, exhibiting an average ultimate uniaxial compressive
strength of approximately 36,000 psi. Fracturing of this materisl,
however, resulted in moderate to severs reductions in strength.

That core which contained horizontal or vertical fractures (moc-
erately fractured) was found to exhibit strengths apvroximately 70
percent as great as those exhibited by the intact tonalite. In spite
of this 30 percent reduction in strength, the mod~rately fractured
core was still judged to be relatively competent material.

Generally, the critically to highly fractured tonalite was
found to have been severely weakened by the fracturing. %This mate-
rial exhibited an average ultimate uniaxial compress.ve strength less

than 25 percent as great as the average yielded by the intact mate-~

rial, with most strengths falling in the incompetent range of O to
: 8,000 psi. Two of the highly fractured specimens were substantially
stronger than the rest, obviously weakened to a lesser degree by the
well-developed systems of Sracture. These two specimens should by
no means be judged as representative of the criticelly to highly
fractured core as the majority of the ultimate strengths fell well
below the 8,000-psi mark.

Compressional wave velocities determined for the tonulite re-
flected, to a much lesser degree, the fracturing present in much of

the core., The velocities exhibited by the moderately fractured core
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were of only a slightly lower magnitude than those exhibited by the
intact material. Critical angle fractures and well-developed systems
of fracture had a more pronounced effect on compressional wave velnc-
ity, with the group comprised of this type of core exhibiting veloc-
ities averagirg almost 1,000 fps belcw the average yielded by the in-
tact tonalite,

As indicated in the tabulation below, elastic constants exhibited

Nole Erecimen Specimem Wdulus Polzzon’s mtic Wave Yelocity
. 5. Description
Young's Baik Shee Satiz Dymwmic Comrres- Stwer
siom]
Statie  Dymmic Static  Dymami~ Stati- Dynaic
1% cat 20° pat 108 rar 10" rst 10® per 10 et fre frs
TR X 3 ntact 10.8 10,7 5 8.5 k.3 L2 5.2 0.2 19,345 16,93
W28 H Imact 1.6 0.9 5.9 8.¢ &.8 1.9 0.2: 0.9 8,715 10,160
k4 Intect 12.% 1.9 8.5 10.4 5.0 5.6 .25 oy 20,600 30,8:%
W-CB-5h 8 Nighs 9.3 3 6.2 6.6 1.7 3o 0.2 2,12 16,360 10,0%
frartursd
18 Hignly w7 a8 6.5 2.7 3.9 L7 ER N 19,850 1,160
.'ch'-'m S———— S———— —— ——— ——— —— — Wrp——
Average 16.8 D 6,7 RS .3 LY .09 3.1 16,83 10,30

by the tcnalite were rather high, with static elastic Ycung's moduli

generaily found to be slightly larger than their corresponding dy-
namic values. Moduli yielded by the highly fractured core were found
to be only slightly lower than thor2 determined for the intact
material.

As indicated by t@e cyclic stress-strain csurves reported in
Appendixes D, E, and F, the intact tonalite from this area was found

to be quite brittle, whereus the highly fract:red material was not.
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Little hysteresis was exhibited and no apprecjable residual strain

was detected.

3.3 POTASH GPANITE

Portions of the core received from Holes MG-CR-2A, -10, and -18
were petrographically classified as potash granite. Results of phys-
ical tests were grouped according to physical -:ondition of the as-
received core. These groupings were: (1) intact rock, (2) mcderately
fractured rock, (2) rock containing critically oriented fractures,
and (4) rock containing cven fractures and/or vesicies.

Physical test restvlts are given in detail in Appendixes A, B,

and C. A summary of the results is given below:

Hole Specirmen Specific Schmidt Ultirate Compressicnal
. No. Jravity Xo. Uniaxial Wave Velo~ity
Compressive
Strength
psi fps

Intact Core:

MG-CR-2A 4 z.629 51.9 40,910 19,19
7 z2.511 53.% 39,000 1%,8:5

b 2.640 50,9 31,8 18,360

20 2.£626 55.¢ 34,850 18.96¢

Averaze 7.62F 52.9 36,070 19,00

Moderately Fractured Ccre:

MG-CR-18 1 2,561 52.9 23,120 19,5:0

3 2.685 52.0 30,310 19,582

S 2.681 ho,5 18,110 18,880

8 Z.654 51.4 18,210 19,40

11 2,536 .- 23 ,2::‘ o 19,

Average 2.559 51.% 22,740 16,172
(Continued)
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Hole Specimen Specific Schmidt Ultimate Compressional

No. No. Gravity No. Uniaxial Wave Velocity
Compressive
Strength
psi frs

Core Containing Critically Oriented Fractures:

MG-CR-10 8 2,661 57.1 14,090 19,080

MG-CR-18 b 2.667 37.4 11,090 17,5%0

Average ° 2—265% ) F.'-[_% %f% %g%g%

Core Corntaining Open Fractures or Vesicles:

MG~CR-10 12 2.49h 28.3 7,820 18,800
14 2.499 - 5,200 12,880

el xS~ S oy

The intact potash granite from the Michigamme study area was

very strong, comparable to the intact tonalite previously discussed.

As with the tonalite, however, fracturing of the granite ¢ .nerally

resulted in moderate to severe reductions in vltimate uniaxial com-
pressive strength.

The moderately fractured granite (containing vertical or hori-
zontal fractures) exhibited an average ultimate strenglh aporoxi-
mately 60 percent as large as that ylelded by tiie inbact granite.
There was, howev.ir, an appreciable range in strengths observed
(18,000 t> 30,000 psi). The apparent reduction in strength due to
the presence of fractures was quite similar to that observed for the Q

tonalites, As indicated by the range of ul*imate strengths yielded
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Elastic constants determined for the intact granite (tabulated

below) were relatively high, camparable to values yielded by the in-

tact tonalite.

Dynamic constants determined for the vesicular gran-

ite (static constants could not be reliably determined) were quite

low due to the pronounced decrease in wave velocities caused vy the

vesicles.

Hole Specimen

No. Ch

Poisson's Ratio

Wave Velocity

Shear

Dynamic

gtatic Dynamic Compres- Shear
sional

Intact to Muderately Fractured Cored

‘ G
10 psi 20 psi

105 pas 20% pei

fpc fps

MG-CR-2A 1 L. 18,360 10,690

MG-CR-8 3 b.r ;% v, _4_,_692

Average & 15,9 11,150

Core Contalring Yesicles:

MG-CR=10 12 JeD 7.0 lg,ggo 2,16‘3:)'

Average J" —ﬁ-:tg -}:—“[' i—‘:)—:'gf-% -7:_0"2)\‘;
B geatic-gimstic constants somld not be determined sin~e -lectrical resistance train gapes could not

be wrpiied to the vesicular surfaces of these specarans in 4 munner 80 a3 Lo ¢btain reliable result-.

Stress-strain curves determined for the intact granite revealed

this material to be quite brittle, exhibiting no noticeable plastic

deformation prior to catastrophic failure.

Upon cycling, these

stress-strain curves revealed little hysteresis and no appreciable

residual strain.

3.4 AMPHIBOLITE

Portions of the core received from four holes, MG-CR-10, ~18,

75524
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~26, and ~54, were petrographically identified as amphibolite. FPhys-

ical test results both suggested and reflected subdivision and anal=-

ToT P A

ysis of the data according to the following: (1) intact rock, (2)

SMGEN

el

moderately fractured rock, and (3) critically to highly fractured

rock.

T A T T

Test results are given in detail in Appendixes B, C, D, and F.

Ty

A summary of the results is given below:

i o e LD

Hole Specimen Specific Schmidt Ultimate Compressional
No. No. Gravity No. Uniaxial Wave Velocity
(ompressive
Strength
psi fps

Intact Core:

MG-CR-26 3 2,997 58.8 25,300 21,955
9 2.828 26.2 29.240 20,415

3 21 2,7 1.2 2 1
4 Average 2.866 58.7 22 R glo 20, 5%

Moderately Fractured Core:

MG-CR-10 22 3.170 54,5 ) 15,700 21,700 !
MG-CR-18 12 2,988 45.6 15,850 21,520 '
19 2,853 k2.6 13,330 20,70
MG~-CR-26 16 2.8%1 .1 17,730 20,810
Average 2.975 {'9"2‘ 15,%50 21,210
Critically to Highly Fractured Core:
MG-CR-10 10 2,706 - 8,210 17,230
15 2,841 -- 12,120 19,395
i 16 2.854 46.8 8,000 16,845
! 19 2.961 55.3 10,240 22,175
!
i MG-CR-5L 1 2,71k 37.3 8,7%0 18,940
E 9 2-856 - “,950 21,2828
11 2.7 -- 3,% 20
; Average 2.812 L&.5 7y 19,560
l
§
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The amphibolite received from the Michigamme study area appeared
to be somewhat weaker in all cases than the tonalites and granites
previously discussed.

The intact core exhibited an average ultimate uniaxial compres-
sive strength of 26,810 psi, s value comparable to the average ulti-
mate strengths exhibited by the moderately fractured tonalites and
granites.

The moderately fractured amphibolite was somewhat weaker than
the intact meterial, yielding an average ultiuwate uniaxial compres-
sive strength approximately 6C~percent as great as vhat yielded by
the intact amphibolite. This 40 percent reduction in svrength com-
pares very well with the 30 to 40 percent reductions apparently
caused by modarate fracturing of the tonalites and granites. The mod-
erately fractured amphibolite is still, however, in spite of its some-
what lower strength, relatively competent rock.

The critically to highly fractured amphibolite from the Michi-
gamme study area was found to be substantially weaker than both the
intact and moderately fractured amphibolite. This material exhibited
an average ultimate uniaxial compressive strength of only 30 percent
of that yielded by the intact core, generally falling in the incompe-
tent to marginal range. -

Compressional wave velocities determined for the intact and mod-

erately fractured amphibolite were such as to indicate that the
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moderate fracturing had little, if any, effect on wave velocity, prob-
ably since much of this fracturing was vertically oriented and com-
pressional waves would not necessarily be forced to pass across these
fractures, Compressionsl wave velocities determined for the criti-
cally to highly fractured amphibolite were somewhat lower.

As indicated in the following tabulation, elastic constunts de-
termined for the amphibolite were slightly scattered. There was de-
tected, however, a definite trend toward higher moduli with higher

wltimate compressive strength.

Hole Specimen Modulus Poisson's Ratio Wave Velocity
No. Ho.
Young's Bk Shear Static Dynamic Compres- Shear
siomal

Stati~ Dynami:z Static Dynanic Statiz Dynamic

10® pat 105 prt 1% pat 10° pss 10° pei 10° pat fos frs

Intact and Moderately Fractured Core:

M=0R~10 22 12,5 12.2 8.7 1h,2 5.0 4.5 0,26 0.36 21,770 10,270
MG-0R-1b 12 13.4 1.6 749 11.0 5.9 5.9 0,22 0.28 21,520 11,870

19 10.5 13.6 7.0 9.3 4,2 5.k 0.25 0.26 20,740 11,880
MG-CR-2% 3 13.3 .7 2 11.8 5.5 .7 0.2 0,20 21 11,880
Average 12.:’» E.é %‘2 1.6 s 5Lfo' ) §E 3.3 a1, 11,580

Sritisally to Highly Fractured Core:

¥G-CR-10 15 10.0 9.4 f.9 9.7 L,0 3,5 0,26 0.3k 19,400 9,55

16 7.8 7.4 L3 7.0 .2 2.9 0.2 0.32 16,800 8,710
MG-CR-£4 1 9.8 8 by 8.7 [ L0, 0 18 70
Avernr 5.7 ng 5.3 g5 5‘3 %‘3‘ o‘.‘z‘g 3.3 '8‘21‘6%1 )3 '3"233,.2

Moduli determined for the intact and moderately fractured core
were quite high, with dynamic constants generally fcund to be slightly
higher than the corresponding static values. Moduli deteimined for

the critically to highly fractured amphibolite were somewhat lower,
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probably due to the more pronounced effects of fracturing.
Stresc-strain curves from which the static constants were deter-
mined revealed the amphibolite to be a rather brittle material, With
the excertion of Specimen 1 from Hole MG-CR-54, the amphibolite cores
for which elastic constants were determined exhibited, upon cyeling,
little hysteresis and no appreciable residusl strain. Specimen 1 of
Hole MG-CR-54 yielded a stress-strain zurve with some initial reverse
curvature, probably due to crack closure during the initial stages of
lcading, The residual strain detected in this specimen was probably

due to permanent displacement along the critical angle fractures.

3.5 PEGMATITE

Several specimens received from Holes MG-CR-26 and -28 were pet-
rographically identified as pegmatite, All of these cores were in-
tact, and, as indicated in the summary of physical test results below,
exhibited rather uniform physical properties. Detajled test results

are given in Appendixes D and E.

Hole Specimen Specific Schaidt Ultimate Compressional
No. No Gravity No. Uniaxial Wave Velocity
Compressive
Strength
psi s
MB-Cre26 L 2.668 65.1 33,180 19,120
12 2.691 60.2 21,060 19,110
19 2.613 53.1 31,140 18,020
MG-CR-28 8 2,658 65.2 30,610 19,kLs
10 2.677 -~ 35,000 19,010
18 2.6 6%.8 L1 ,200 19,315
Average 2.673 5 30,360 19,010
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The pegmatites from the Michigamme study area yielded ultimate
uniaxial compressive strengths only slightly lower in magnitude than
those exhibited by the intact tonalites and granites from thic same
area. Compressional wave velocities were very uniform, averaging
approximately 19,000 fps.

As indicated in the tables qf elastic constants in Appendixes
D and E, the moduli determined (two specimens) for the pegmatite
cores were moderately high, but again slightly lower than those de-
termined for the intact tonalites and granites. This material is
quite brittle, and as indicated by cyclic compression stress-strain

curves, exhibits no appreciable hysteresis or residual strain.

3.6 BIOTITE SCHIST
Also received from the Michigamme study area were four specimens
of biotite schist. A summary of test results for the four schist

gpecimens is given below. Detailed results are given in Appendix A.

Hole Specimen Specific Schmidt Ultimate Compressional
No. No. Gravity No. Uniaxial Wave Velocity
Compressive
Strength
psi fps
MG-CR-2A 1 2.788 - 18,030 19,480
8 2.953 50.0 20,450 21,740
lg 2.719 14" g,.‘gzo 18,560
2. 2.8 4060 21,720
Average 2.85 9. 21,170 20,3
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The biotite gneiss specimeons received from this area exhibited
rather uniform physical test results; the average ultimute uniaxial
compressive strength was found to be approximately 21,000 psi.

Elastic constants were determined for Specimen 18, and, as in-
dicated in Appendix A, were found to be very high; the static Young's
modulus was found to be 14.8 X 106 psi. Stress-strain curves plotted
during the cyclic compression test revealed the biotite schist to be

quite hrittle. Upon cycling, no hysteresis or residusl strain was

detected.
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CHAPTER L
SPECIAL TESTS

4,1 ANISOTROPY TESTS

Eight rock spe>imens from the Michigamme area were selected and
prepared for determination of compressional and siear velocities
according tc the ASTM proposed "Standard Method of Test for Labora-
tory Determination of Ultrasonic Pulse Velocities and Elastic Con-
stants of Rock." The NX-diameter specimens were cut to lengths of
2 inches and ground on the ends to a tolerance of 0.001 inch. Four
1/2-inch-wide strips were also ground down the sides of the cylindri-
cal surface at 90-degree angles. The velocities, densities, and di-
mensions were measured as specified in the proposed test method.

Results of velocity determinations are given in Table 4.,1. Com=
pressional and shear wave velocities exhibited by the specimens
tested herein were moderate in magnitude, with those yielded by the
tonzlites generally being slightly higher than those exhibited by
the granites.,

Tieviations from the average compressional wave velocity were,
#: mogy cases, rather low-~not exceeding 3 percent. Two specimens,
howaver, exhibited deviations from the average of 5 percent or
greater; both were horizontally banded gneissic tonslites. In each

case, the large deviation was due to relatively low velocities
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exhibited in the axial direction perpendicular to the banding.

A compilstion of the elastic properties computed from the com~
pressive and shear velocities and the specific gravity is given in
Table L.,2. However, discretion must be used in utilizing the moduli
results as experimental errors are introduced when the differences in
velocities are significant. The proposed ASTM test method states
that the equations for computation of elastic moduli should rot be
used if "any of the three compressional wave velocities varics by
more than 2 percent from their average value. The error in E and
G due to both anisotropy and experimental error then does not exceed
6 percent.” Naturally, the effect of the error is compounded by
greater differences in the three-directional velocity measuremenis.

The 2 percent allowable deviation proposed ty ASTM appears to be
unrealistic since laboratory-determined valucs of comprzssionsl
and shear wave velocities are reproducible within s deviation from
the average of only 2 to 3 percent. Thus, it would appcar thal the
point of division between isotropy and enisotropy would mora reslis-
tically be in the range of 5 to 8 percent deviztion from the average.
It should be kept in mind, however, thait this greaZer doviaiion would

also allow a larger error in the computed values of E and G .

L.2 COMPARATIVE TENSILE TESTS

ight NX-diameter rock specimens were selected in an attempt +u
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represent the variation of rock type present in the core received
from the drill holes in the Michigamme area. Tonalite and granite
specimens were present in sufficient quantity and length to permit
testing several of each type. Amphibolite specimens available, how~
ever, were too short to allow comparative tensile tests on specimens
of this rock type.

The specimens were prepared and tested for tensil~ strength
according to the ASTM proposed "Standard Method of Test for Direct
Tensile Strength of Rock Core Specimens." For comparative purposes,
tensile splitting tests were conducted on specimens cut adjacent to
the direct tensile test specimens. The test results are given in
Table L.3.

Two specimens failed tarough the epoxy bonding agent on the ini-
tial direct tension test attempts. These specimens were then turned
on a lathe, gradually reducing specimen diamcter from 2 inches at
either end to 1.5 inches along a l-inch-long central section (dog-
bone). This section was sufficiently reduced to result in tensile
failure at loads low enough to be held by the epoxy adhesive.

Pirect tensile strengthe were rather high and, except for the
highly fractured specimen of gneissic tonalite, ran above 900 psi.
The severely fractured gneissic tonalite exhibited a direct tensile
strength of 580 psi and an indirect strength of 1,360 psi. The di-

rect tensile strength should better reflect the true tensile strength

34
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of the rock, since a specimen subjectcd to direct tension is more
prone to failure at the point of minimum strength, i.e., along frac-
tures, etc,

Indirect tensile strengths, with two exceptions, ran somewhat
higher than the corresponding direct tensile strengths, probably due
to the more restricted location of the failure surface in the indirect
test. Therefore, there is less probability of failure occurring at
a point of minimm strength.

4.3 PETROGRAPHIC EXAMINATION

4.3.1 Samples. Six boxes of NX core from holes in 3arsge and

Marquette Counties, Michigan, were received for testing ir Au¢ust
1969. Each box contained about 15 feet of core which repressnted
several depths to 200 feet.

The cores were inspected to select representative pieces from

all significant rock types for peirographic examination. The cores

are described below:

1. Hole MG-CR=-2A. The core was & nixture of pink s2uad bl ek,
medium-grained granite and a black fine-greined biotite schis* llen=-
tified in the field log as amphibolite. Only Specimens 6 ana L} and
parts of Specimens 1 and 9 were biotite schist. All the seetimn
were intact.

2. Hole MG-CR-10. Several rocx types including granite,
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tonalite, and amphibolite were present. All the specimens inspected
contained fractures, except Specimens 3, 12, 13, 20, and 21 which
were intact.

Specimens 1 through 6, 18, and 23 were red and brown, coarse~
grained tonalites. ifost of the sectionr had bright red patches of
hematitic stain and contained many sealed fractures. Specimens 1
through 6 appeared slightly weathered.

Specimens 7, 8, 9, and 11 through 14 ranged from red, fine-
grained rhyolitic rocks to red, medium-grained granitic rocks. Spec-
imen 7 contained the contact between a red, fine-grained rhyolite and
a gray and green gneissic rock. Specimens 8, 9, and 11 through 1u
were bright red, medium~grained rocks. All but Specimens 12 and 13
had been severely fractured. Many of the fractures had been sealed
with quartz or calcite.

Specimens 10, 15, 16, 17, and 19 through 22 were dark green,
fine- to medium-grained metamorphic rocks identified as amphibolites.
Svecimens 19 and 20 were schistose and the remaining specimens were
gnelissic. Specimens 21 and 22 appeared to contain more quartz than
the other specimens.

3. Hole MG-CR-18. The core was blackish-red, fine- to medium-

grained granite; black, fine-grained amphibolite; and red and black,
medium- to coarse-grained tonalite. Most of the specimens contained

fractures or Jjoints but none of the sections appeared weathered.
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Specimens 1, 3 through 6, 8 throuch 11, #nd 15 were dark red,
medium- to fine-grained granite. £ .cimens 4, 6, snd 15 had frac-
tures at the critical angle. Specimen 4 also contained a large
schistose inclusion.

Specimens 12 and 19 were black, fine-grained amphibolites and
contained several high-angle fractures.

Specimens 2, 7, 13, 14, 16, 17, and 18 were black and red,
medium- to coarse-grained,irregularly banded tonalite. Thege speci-
mens contained broad irregular bands of biotite and chlorite, and
many sealed fractures.

L. Hole M;-CR-26. The core wa:s black amphibolite and ble~k and

white, medium-grained gneissic tonalite. Specimens 3, 5, 7, 9, 13
through 17, 20, 21, and 23 were smphibolite. Specimens 6, &, and 10
were a fine~grained, gray-green tonalite that msy heve been an inclu-
sion in the amphibolite. Sgecimens 1, 2, %, 11, 12, 18, 19, 22, and
2L were gneissic tonalite, not as dark as the previca:ly mentioned
sections of amphibolite, and did not contein aw: virible fractures.
Specimens 4, 12, 17, and 19 contained contacts with pink and

white pegmatites. Specimens 5, 1€, and 22 contained tightly closed
fractures. None of the sections appe-red wesihered.

5. Hole MG-CR-28. The core was black and white, fine- to

medium~grained gneissic tcnalite. Only Specimens 2, 3, 6, 15, 18,

and 21 contained fractures. All of Specimens 17 and 18 and parts of
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Specimens 3, 8, 10, and 11 were pegmatites.

6. Hole MG-CR~54. The core was severely fractured gneissic

tonalite and dark green, medium-grained amphibolite. Specimens 1, 9,
and 11 were severely fractured amphibolite and the remainder of the
core was highly fractured gneissic tonalite. The major set of frac-
tures ranged from 45 degrees to gearly vertical. There was marked
reduction in grain size along the shear fractures.

The aspecimens selected for petrographic examination were:

Hole No. Concrete Specimen Approxi- Rock Description
Division No. mate
Serial No. Lepth
feet

#G=CR-2A SAMSO-9, DC-5 9 96 Gray and black, coarse~
grained tonaelite with a
high-angle biotite
schist band 1 inch

‘., thick.
20 195 Pirk and black, medium-
grained granite.

MG-UR-10 SAMSO-9, DC-1 6 ™ Brown and red, coarse-
grained gneissic
tonalite.

MG-CR-10 SAMS0-9, DC-1 7 83 Contact between green
and wanite, coarse=-
grained gneiss and red,
fine-grained rhyolite.

M3-CR-10 SAMSO-9, DC-1 13 130 Red, highly fractured
granite.

(Continued)
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Hole No. Concrete Specimen Approx.- Rock Description

Division No. m te
Serial No. Depth
feet
MG-CR-10 SAMS0-9, DC-1 17 156 Contact between dark,
(Con- medium-grained, gneissic
tinued) amphibolite and dark,
medium-grained
amphibolite.

19 176 Green, medium-grained
amphibolite.

21 186 Dark, medium-grained
amphibolite.

MG-CR-18 SAMS0-9, DC-6 9 113 Blackish-red, fine-
grained granite.

12 130 Blazk, fine-grained
amphibolite.

16 17k Red and black, medium-
to coarse-; rained tona-
1it . rock .imilar to

"OR=17, 7 _wcimen O,
out *.ail: specimer con-
taired a pegmatitic
verd.

17 181 Re’ and b ack, medium-
tu eoarse-grained tona-
'iti: rcek with dis-
iphen negmatlite bands.

MG-CR-26 SAMS0-9, DC-2 2 17 Black and white, medium-
grained gnuiscic
tonalite,.

(Continued)
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Concrete
Division
Serial No.

Hole No.

Specimen Approxi-

Rock Description

MG-CR-26 SAMS0-9, DC-2
(Con-
tinued)

MG-CR-28 SAMS0-9, DC-3

MG-CR-28 SAMS0-9, DC-3

MG-CR-54 SAMS0-9, DC-L

No. mate
Depth
feat
7 57
10 88
17 146
3 28
13 114
16 157

Black, medium-grained
amphibolite with a high-
angle 1/2-inch quartz
band.

Gray-green, fine-grained
tonalite.

Contact between pink and
white pegmatite and
black and white amphibo-
l1ite similar to contact
in Specimen 2 of this
hole.

Black and white, coarse-
grained tonalite par-
tially altered pink;
large disrupted quartz

pods.

Black and white, coarse-
grained tonalite with a
low-angle 2-inch fine-
grained tonalite band
similar to the tonalite
of MG-CR-26, Specimen 2.

Pink and black, medium-
grained gneissic tona-
lite with numerous
sealed fractures.

4k,3,2 Test Procedure.

Fach core specimen was sawed axially.

One sawed surface of each specimen was polished and photographed.
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Composite samples were obtaiazed from the whole length or from selected
portions from the remaining half of each piece. The composite samples
were ground to pass a No. 325 sieve (4l um). X-ray diffraction (XRD)
patterns were made of each sample as a tightly packed powder. All XRD
patterns were made using an XRD-5 diffractometer with nickel-filtered

copper radiation. The samples X-rayed are listed below:

Hole No. gpecimen Description of X-Ray Sample
0.
MG-CR-2A 9 a. Coarse-grained gneiss.
b. Dark band cutting the gneiss.
20 Entire length of core.
MG-CR-10 6 Entire length of core.
7 a. Green and white gneiss,

b. Red, fine-grained rock.
c. Light green inclusion in the red rock.

13 Entire length of cora.
17 a. Foliated half of core.
b, Nonfoliated half of core.
19 Entire length of core,
21 Entire length of core.
MG-CR-18 9 Entire length of core.
12 Entire length of core.
16 Entire length of core.
17 Entire length of core.
(Continued)
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Hole No. Specimen Description of X-ray Sample
No.
MG-CR-26 2 a. Salt and pepper portion of core.
b. Solid black portion of core.
7 a. Black half of core.
b. Black and white half of core.
10 Entire length of core.
MG-CR-28 3 a. Black and white half of core.
b. Pink, altered half of core,
13 a. Coarse-grained gneiss.
b, Fine-grained gneissic band.
MG-~CR-Sk 16 Entire length of core.

Small portions of the powdered samples were tested with dilute
hydrochloric acid and with a magnet to determine whether carbonate
minerals or magnetite were present.

The polished surface of each section was examined with a stereo-
microscope. Thin sections were prepared from each section of core
and examined with a polarizing microscope. A point-count modal anal-
ysis was made on each thir section in which 500 points were counted,

4,3,3 Results. The cores examined from the Michigamme area can

be divided into three principal groups, according to bulk composi-
tion: (1) tonalites, (2) granites, and (3) amphibolites (Refer-

ence 3). Several specimens from the area (rhyolite, pegmatite, and
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biotite schist) did not follow the overall grouping. The rhyolite is
discussed with the granites and the biotite schist is discussed with
the tonalites. The pegmatites were not examined. All of the cores
were taken from the Precambrian rocks north and south of the Marquette
Iron District (Reference 4). Cores MG.CR-10 and -2A were taken from
the highly deformed igneous and metamorpiiic rocks of the Southern Com-
plex near Republic, Michigan (References 4 and 5). The Republic area
represents a center of intense metamorphism, characterized by silli-
manite and staurolite gneiss and schists (Reference 6). Away from
this center, the effeccs of the metamorphism diminish with increasing
distance. In this area, intense deformation, represented by shearing,
is found in rocks of low metamorphic rank while rocks of higher mete-
morphic rank are less deformed. The metamorphic zones do not corre-
late directiy with changes in structure and fabric of the rocks pro-
duced by deformation (Reference 6).

"he remaining cores were taken from the igneous and metamorphic
rocks north of the Marquette Iron District, where effects of metamor-
phism were less than in the Republic area, but where tl.ere had been
considerable faulting. The rocks in this northern area were predomi-
nantly tonalites with minor amounts of granites and amphibolites.

The rocks from the Republic area showed the greatest range in rock
type, with granite more abundant than tonalites or amphibolites._ The

modal composition of each rock type is shown in Tables L.4, 4.5, and
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4.6 and the bulk composition by XRD in Tables 4.7, 4.8, and 4.9, The

rocks in the cores are discussed below:
- 1. Tonalites. Cores MG-CR-28 and -5 and parts of Cores
E MG-CR-2A, -10, -18, and -26 were tonalites which ranged from fine- to
coarse-grained and from severely sheared to intact. All of the rocks
had been metamorphosed and several had been severely sheared. The
metamorphism and shearing often obscured the original character of
the rocks. Most of the sections appear to have been igneous tona-
lites before metamorphism or shearing. The tonalites in Cores
MG-CR-2A and -10 were the most metamorphosed and the other cores were
more highly sheared.

Section 9 of Core MG-CR-2A differed from most of the rock in
Core MG-CR-2A. (t was a small volume of biotite schist and tonalite

(Figure 4.1). The remainder of the core was granite with minor

amounts of biotite schist., The tonalite wa: black and white, coarse-
grained, and may have been an inclusion. The section had been re-

crystallized which obscured the contacts of the tonalite and the

schist.

Section 6 of Core MG-CR-10 was typical of the tonalites in
this core from south of the Marquette Iron District. It was red
g and brown, coarse-grained tonalite that was partially iron stained
(Figure 4.1). The section was fractured and sheared and then

was strongly metamorphosed, sealing the fractures and in part
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recrystallizing the rock. Plagioclase grains were partially stained
with hematite and severely altered to sericite; some were granulated.
Some of the quartz grains were recrystallized composites of un-
strained grains, but many showed considerable strain. Biotite was
almost completely altered to chlorite and magnetite.

Section 16 of Core M3-CR-18 was a red and black, medium- to
coarse-grained soda tonalite. The section contained two large frac-
tures and several microfractures (Figure 4.2). This section con-
tained more microcline than the other tonalites from this core, which
may have been due to partial assimilation by the graiitic rocks that
were found in the upper part of the core. The minerals in this sec-~
tion had been sheared and altered, except the microcline which was
very fresh and apperently had not been affected by the shearing.

Section 17 of Core MG-CR-18 was similar to Section 16 of this
core except that this section contained less microcline and more
chlorite. This section had apparently been folded, as it was vaguely
banded and the bands were disrupted (Figure 4.2). There were several
high-angle fractwes and many microfractures in the section,

Section 2 of Core MG-CR-26 was black and white, med’um-grained
gneissic tonalite with a small amount of amphibolite at one end of
the section (Figure 4.3). The gneissic structure and the presence of
secondary epidote and chlorite indicate that the section had been

metamorphosed., The section also had been sheared, as several
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microfractures were present. Quartz was broken and strained; plagio-
clase grains had granulated borders; =2nd biotite flakes were bent and
broken. The plagioclase, with anorthite content of 55 percent, ap-
rarently was affected by the metamorphism as secondary epidote sur-
rounded by albite rims was present as clots along borders of the
grains. This gneiss was often cut by pegmatites, as in Section 17 of
Core MG-CR-26 (Figure 4.3).

Section 10 of Core MG-CR-26 had a composition similar to Sec-
tion 2 of MG-CR-26, but was darker, fine-grained, and more severely
altered (Figure L.4). The section had a cataclastic texture and
contained several fractures. Evidote and chlorite were the most com-
mon metamorphic products. Plagioclase was almost entirely altered tc
seri:ite, which vrevented determination of the anorthite content.
Quartz had been broken and strained and biotite flakes were bent,
broken, and partially altered to chlorite.

Section 3 of Core MG-CR-28 contained a disrupted contact between
an altered gneissic tonalite and a pegmatite (Figure 4.5). The tona-
lite was medium-greined and had been severely sheared and altered.
Most of the grains were bent or broken and microfractures were common.
Plagioclase was almost entirely altered to sericite. Evnidote, chlo-
rite, and spvhene avpear as secondary minerals at the expense of pla-
gioclase and biotite. Calcite was introduced after shearing along

fractured planes.
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The pegmatite had been severely faulted and folded. There was
very little alteration detected and, as in the tonalite, the most
dominant feature of the pegmatite was the severe shearing.

Section 13 of Core MG-CR-28 was a black and white, medium-
grained biotite, hornblende, gneissic tonalite, with a 2-inch-~thick
bard of gray fine-grained tonalite gneiss (Figure 4.5). Half of the
section (13a) had a low-angle foliation that paralleled the contact
with, and the foliation of, the fine-graiped band. The remaining
half (1i3b) of the medium-gre ned :onalite had a poorly developed ver-
tical foliation. The low-angle ~oliation in the fine-grained band
and the lower half of the medium-grained tonaiite appeared to be
the result of shearing rather than primary flow. Along this contact
between the poorly foliated upper tonalite and the fine-grained band,
there had been grain reduction, apparently due to differential move-
ment after cooling.

The fine-grained band (MG-CR-28-13b) dres not represent a ground
up portion of the medium-grained tonalite because there was no trace
of hornblende in the fine-grained band while it is abundant in the
coarser grained portion. This band may have been a dike or an in-
clusion that was subsequently sheared.

In the section, plagioclase was altered to sericite and to epi-
dote along shears. Quartz wasg strained and broken, and biotite and

hornblende were partially altered to chlorite.
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Section 16 of Core MG-CR-54 was a severely fractured, pink and
black, medium-grained gneissic tonalite (Figure 4.4). The section
wag sheared, with severe grain-size reduction along fracture planes.
There had been complete alteration of biotite to chlorite, but only
minor alteration of plagioclase to sericite. This section shows the
greatest effect of shearing of any of the rocks from the Michigamme
area. Plagioclase grains were bent and broken; quartz grains were
strained and broken; and the numerous fractures destroyed any trace
of the original texture.

2. Granites. Parts of Cores MG-CR-2A, -10, and -18 were gran-
ites which ranged from fine to coarse grained and were potash gran-
ites (except for MG-CR-10, Section 7, which was a rhyolite) according
to the Shand classification (Reference 3). The granites were most
abundant in Cores MG-CR-2A and -18 and were a minor occurrence in
MG-CR-10.

Section 20 of Core MG-CR-2A was a pink and bla’k, medium-grained
potash granite. The section was intact and contained a poorly devel-
oped high-angle foliation (Figure 4.6). Plagioclase was slightly
altered to sericite and biotite was partially altered to chlorite.
Quartz grains were not broken or strained. Plagioclase, with an
enorthite content of 28 percent {oligoclase), and microcline grains
exhibited excellent crystal shape and very few inclusions.

Section 7 of Core MG-CR-10 was not a granite, but had a bulk
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composition that caused it to be placed into the granite group as it
was a red, fine-grained rhyolite (Figure 4.7). This section appeared
to be a dike rock as indicated by its small volume, chilled contacts,
inclusions of wall rocks, and fine-grained texture. The rhyolite in-~
truded and included a chlorite-quartz schist {(Figure 4.7). The sec-
tion contained several finely vesicular areas that may have been
devitrified.

Section 13 of Core MG~CR-10 was red, severely sheared, mediun-
to fine-grained potash granite (Figure h;7). The shear fractures
were gsealed quartz, calcite, or hematite. Several vugs were present
in the calcite. This section was the most severely sheared section

in Core MG-CR-10. The section contained a well-develnped cataclastic

texture dominated by the numerous shear fractures cutting the section.
All of the primary minerals--quartz, microcline, and plag: oclase--
were strained, bent, and broken. Plagioclase, with an ancrthite con-
tent near 20 percent (oligoclase), was severely altered to sericite
and stained with hematite. Microcline was the least altered mineral
with minor amounts of breakage and iron stain.

Section 9 of Core MG-CR-18 was typical of the granites in Core
MG-CR-18 (Figure 4.6). The section was blackish~red, fine-grainec
potash granite that had been severely altered and sheared. Plagio-
clase grains were broken and a.tered to sericite, and sphene had been

altered to clay. Quartz grains were strained and broken. This
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section contained less quartz and more accessory minerals than the
granites from cores drilled south of the Marquette Iron District.

3. Amphibolites. Parts of Cores MG-CR-10, -18, and -26 repre-
sented the least abundant group of rocks, fine- to coarse-graired
amphibolites that ranged from intact to severely saeared.

Section 17 of Core MG-CR-10 contained an amphibolite schist and
«n amphibolite gneiss. The rocks had similar compositions but varied
considerably in texture and grain size (Figure 4.8). Both rocks were
cut by parallel low-angle fractures that were slightly offset at the
contact.

Green hornblende and plagioclase were the major constituents of
both of the rocks. In the gneiss, the plagioclase had been com-
pletely altered to sericite and the hornblende had undergone partial
soluticn and recrystallization. In the schist, the minerals had been
severely crushed and altered.

The similar mineral composition of the two rocks and the sheared
texture of the schist suggest that the schist was the shesred equiva-
lent of the gneiss.

Section 19 of Core MG-CR-10 was green and brown, fine-grained
amphibolite schist with a well-develored planar structure (Figure
4,8). The hornblende occurred as needle-like laths that were fre-

quently :ltered to chlorite. Biotite was also severely altered to
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chlorite. There were many microfractures which suggested that the
rock was severely sheared.

Section 21 of Core MG-CR-10 was a dark green, medium-grained
amphibolite gneiss that was inconspicuously benled and highly frac-
tured (Figure 4.9). The hornblende was very fresh and was only par-
tially crushed along fractures. This section contained more quartz
than the typical amphibolites from this core, but was the least
altered of all the amphibolites. Pyrite was common along fractures.

Scetion 12 of Core MG-CR-18 was highly fractured ari severely
altered, black, fine-grained amphibolite (Figure 4.10). Secondary
chlorite was common throughout the section. Plagiocclase was almost
entirely altered to sericite and hornblende was recrystallized as
chlorite. Most of the effects of the shearing had been masked by the
alteration and recrystallizaticn,

Section 7 cf Ccre MG-CR-26 was a black and white, medium-grained
amphibolite gneiss cut by a higheang'e quartz-plagioclase pegmatite
(Figure 4.0). The secticn ccnsisted rrimarily of blue-green horn-
blende and plagicclase, with an anorthite cc.tent of 42 percent
(a:desine). NMcst of the hcrnblende .irains were broken or crushed.
Plagioclase was generally fresh ex~ert along crushed grain boundaries
where it was highly altered to sericite.

«.3.4 Summary. Petrograrhic examinsticn of 19 sections of core

from six holes in Marquette District cf ncrihern Michigan indicated
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that there were three major rock types represented: tonalites, gran-
ites, and amphibolites; the tonalites were the most abundant. Differ-
ences in compressive strength and elastic properties within each rock
type appear to have arisen from the number and inclinestion of frac-
tures and whether or not the fractures were open or sealed. Weather-
ing and metamorphic recrystallization appear to have had little ef-
fect on the strength of the rocks within each group. The mineral
compositions are summarized in Tables U4.4 through 4.9 and the sec-

tions examined are illustrated in Figures L.. *“hrough 4.10.
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Figure 4.1 Tonalite, Cores MG-CR-10, Section 6, and MG-CR-2A,
Section 9. MG-CR-10, Section 6, shows severely sheared tex-
ture. To the left is a calcite and quartz vein and in the
center the narrow whiie lines are fractures. MG-CR-2A, Sec-
tion 9, shows & biotite schist band in a coarse-grained tona-
lite; these rock types were not found in the rest of this
core.
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Figure 4.2 Tonalite, Core MG-CR-18, Sections 16 and 17.
MG-CR-18, Section 16, shows a variation in texture from
coarse to fine grained and many fractures. There was no
compositional difference between the coarse- and fine-
grained areas., MG-CR-18, Section 17, shows the exten-
sive deformation of the section of this core. Note the
variation in grain size and amount of dark minerals.
Narrow light lines to the right are fractures.
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Figure 4.3 Tonalite, Core MG-CR-26, Section 2, and amphibolite,
Core MG-CR-26, Section 17. MG-CR-26, Section 2, shows disrupted
foliatior and medium-grained textures of this gneiss. Dark rock
at upper right is amphibolite. MG-CR-26, Section 17, shows con-
tact between the dark biotite gneiss and light coarse-grained
regmatite.




0 R D e i, b

Wt g,

\ :'\ﬂ'vh

Figure L.L Tonalite, Cores MG-CR-26, Section 10, and
MG-CR-5l4, Section 16. MG-CR-26, Sectiocn 10, shows
fine-grained texture caused by shearing. Small light
line to the right of the label is a low-angle frac-
ture. MG-CR-54, Section 16, shcws the typical
severely fractured texture of the tonalites in

Hole MG-CR-5bL.
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k1G-CR-28
s Sec.-13

Figure 4.5 Tonalite, Core MG-CR-28, Sections 3 and 13.
MG-CR-28, Section 3, shows a disrupted pegmetite (white
area) in the tonalite. The center of the core was
faulted and folded. MG-CR-28, Section 13, contains a
well-foliated fine-grained band of gneiss. The folia-
tion of the gneiss to the left of the band is parallel
to the foliation of the band, but the foliation of the
gneiss to the right of the band is almost perpendicular
to that of the band and remaining gneiss.
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Figure 4.6 Granite, Cores MG-CR-18, Section 9, and
MG-CR-2A, Section 20. MG-CR-18, Section 9, shows
fine~grained texture and lack of structure typical
of the granites in Core MG-CR-18. MG-CR-2A, Sec-
tion 20, shows the poorly developed foliation in the
granites of Core MG-CR-2A. Clots of biotite form
the irregular bands.,
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Figure 4,7 Granite, Core MG-CR-10, Section 13, and rhyolite,
Core MG-CR-10, Section 7. MG-CR-10, Section 13, shows the
typicel slteared nature of the granites of Core MG-CR-10.

Dark color of the section is due to a large amount of iron
stain. MG-CR-10, Section 7, shows the only volcanic rock
found in these cores. The very fine-grained band with sev-
eral inclusions is a rhyolitic rock that has intruded a
chlorite schist. The small circles (A) may be devitrified
amygdules.
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Figure 4.8 Amphibolite, Core MG-CR-10, Sections 17 and 19.
G-CR-10, Section 17, shows a contact between a gneissic
amphiboiite (17a) (top) and a schistose amphibolite (17b)

{ bottom). The rocks have similar compositions. Smell
white lines cutting both rocks are sealed fractures.
MG3-CR-10, Section 19, shows a well-developed schistose
structure which was not common in most of the amphibolites.
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Figure 4.9 Amphibolite, Cores MG-CR-10, Section 21, and
MG-CR-26, Section 7. MG-CR-10, Section 21, shows many
fractures and a poorly developed banding caused by min-
eral segregation. MG-CR-26, Section 7, shows coarse-
grained amphibolite cut by a quartz band.
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Figure 4.10 Amphibolite, Core MG-CR-18, Section 12.
This section shows fine-grained amphibolite with
several sealed fractures (light lines).
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

5.1 DISCUSSION

The nature of the objective of these rock quality tests dictates
overall evaluation of the core on a hole-to-hole basis. In the in-
stances where individual holes ylelded core of imly one rock type,
the evaluation of the hole will, of course, be dictated by the char-
acteristics of the particular rock type present. In those instances,
however, where several rock types are represented in a single hole,
the evaluation of the hole will necessarily reflect the quality of
the least competent material tested.

To facilitate evaluation of the Michigamme study area in this
manner, a rock quality chart (Figure 5.1) was prepared. Ultimate
wniaxial compressive strengths depicted on this chart were expressed
in one of three categories: good (above 12,000 psi), marginal (8,000
to 12,000 psi), and poor (less than 8,000 psi). Locations of the in-

dividual drill holes are shown in Figure 5.2.

5.2 CONCLUSIONS

On the basis of physical test results exhibited by the specimens
of rock core received from the Michigamme study erea, the following
conclusions appear to be justified:

1. The rock core received from the Michigamme study area was
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petrographically identified as predominately tonalite, potash gran-
ite, and amphibolite with relatively minor amounts of biotite schist
and pegmatite.

2. Most specimens contained fractures which ranged in orienta-
tion from horizontal to vertical. Several specimens contained well-
developed systems of fracture.

3. The moderately fractured and intact tonalites from this area

were found to range from relatively competent to very competent in

quality, ultimate uniaxial compressive strengths ranging from 18,000
to 42,000 psi. A moderate degree of fracturing appeared to reduce
the ultimate strength to approximately 70 percent «f the ultimate for
the intact tonalite. The critically to highly fractured tonalite was
found to have been severely weakened by ‘racturing, generally to the
extent that it was judged to be very incompetent material. Thus,
this material should probably be considered the primary signal of in-
competency in the Michigamme area.

L, Very similar to the tonalite discussed above, the moderately
fractured to intact potash granite from this area was also found to
range in quality from relatively competent to very competent (in-
tact), ultimate uniaxial compressive strengths ranging from 18,000 to
40,000 psi, respectively. The moderate degree of fracturing reduced
ultimate strengths, on the average, to approximately 60 percent of

the ultimate value exhibited by the intact granite. The effect of
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the presence of fractures orlented at critical angles was even more
pronounced, average ultimate strengths falling to approximately 30
percent of the magnitude ylelded by the intact core. This large loss
of strength was still, however, not great enough to warrant classify-
ing the critically fractured granite as incompetent. The three pot-
ash granite specimens containing open fractures and/or vesicles ex-
hibited physical properties characteristic of incompetent rock.

5. The amphibolite received from the Michigamme study areea was,
in most cases, found to be somewhat weaker than the tonalite and pot~
ash granite specimens in the same general state of fracture. The in-
tact core was rather competent, exhibiting an average ultimate uni-
axial compressive strength of approximately 27,000 psi. The moder-
ately fractured core was reletively competent material, exhibiting an
average ultimate strength approximately 60 percent as great as that
yielded by the intact core. The critically to highly fractured am-
phibolite ranged in quality from incompetent to marginal, with ulti-
mate strengths ranging from approximately 4,000 to 12,000 psi.

6. The pegmatite specimens received from this area were intact
and very competent. Ultimate uniaxial compressive strengths aversged
approximately 30,000 psi.

7. The bictite schist from the Michigamme study area was rela-
tively competent material, exhibiting ultimate strergths which aver-

aged approximately 21,000 psi.

T4




Y

Ll T

T

Tper———

8. Elastic constants determined on the moderately fractured and
intact rock from this area were generally rather high with Young's
modulus ranging from epproximately 9 million to 15 million psi. Con-
stants determined for critically to highly fractured core were
slightly lower, while those computed for the vesicular granite speci-
meng were, predictably, quite low.

9. The material from this area was generally quite brittle, ex-
hibiting little hysteresis and no significant residual strain.

10. Three-directional velocity tests revealled the potash gran-~
ites to be relatively isotropic. With two exceptions, the tonalites
were also found to be rather isotropic. Two of the tonalites were,
however, somewhat gneissic in texture, and exhibited considerably
lower compressional wave velocities in the direction perpendicular to
the banding (axial direction). These low velocities resulted in
rather high deviations from the average compressional wave velocity
(5.0 and 9.1 percent), and in classifying the banded gneissic tonale~
ite as relatively anisotropic.

11. Tensile strengths were rather high, with indirect (Bra-
zilian) strengths generally found to be somewhat higher than the cor-
responding direct strengths. The direct strengths should, however,
be more representative of the true tensile strength since the direct

test allows, to a much greater degree, rock failure at the point of

minimum strength.
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Evaluation on a hole-to=hole basis indicates the potash granite
removed from Hole Mi-CR-2A and the gneissic tonalite and amphibolite
removed from Holes MG-CR-26 and -28 to be relatively competent to
very competent rock. These holes represent materials which should
offer good possibilities as competent, hard rock media.

Hole MG-CR-18 yielded specimens of potash granite, tonalite, and
amphibolite. This variety of materials exhibited physical charac-
teristics generally representative of marginal to good quality rock,
and should offer sume possibility as a competent hard rock mcdium,
provided the single zone of incompetent rock is not a disqualifying
factor. The tonalites, amphibolites, and potash granites representa-
tive of Holes MG-CR-10 and -S4 were generally fractured and exhibited
physical characteristics typical of rock of lower quality than thet
required of competent media.

The above evaluations have been based on somewhat limited data,
and, therefore, more extensive investigation will be required in

order to fully define the individual areas under consideration.
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Figure 5.1 Depth versus quality as indicated by compressive
strength for individual holes.
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APPERDIX £
DATA REPORT
Hole MG-CR-2A
12 September 19459
Hole Location: Marquette County, Michigan
Longitude: 87° 59°' 23" Yest
Latitude: 4%° 21° 08" North
Township 46N, Range 29W, %ecrion 30, NW 1/4 SW 1/
Core

!. The following core was received on 8 September 1969 for testing:

Core Piece Nn. Approximste Depth, ft
1 27 :
2 33 .
3 u2 :
b4 52 '
5 A2
6 72
3 : 7 /2 .
: 8 8% i
9 96 .
10 105
1 115
12 124
13 135
14 165
15 150
: 1A 157
3 17 155
3 18 177
19 147
L 20 195
3 ' Jescription

2. The sanmples received were p: edominantly light- to pink-colored
rock identified as cvarse-grained grutite by the field Jog received with
the core. Piece Nos. S and 14 were identified a« amphibolite ard picce

Nos., 1 at 1 9 a3 pgranite-amphibnlite combinations.
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Quality and uniformity tests

3. To determine variations within the hole, specific gravity,
Schmidt number, compressive strength, and compressional wave velocity
vere determined on specimen- prepared from representative samples as

given below:

Sumple Core Schmidt Comp Comp Wave
No. Description Depth Sp Gr No. Strg, psi Vel £
1 Intact, Granite 27 2.788 - 18,030 19,480
Biotite Schist
4 Intect, Granite 52 2,629  51.9 40,910 19,180
7 Intact, Granite 82 2,613 53.5 39,090 19,510
8 Intact, Biotite 86 2.953 50.0 20,450 21,740
Schist
9 Intact, Granite 96  2.719 - 20,150 18,560
Biotite Schist
14 Intact, Grarite 145 2,640  50.9 31,820 18,360
18  Intact, Biotite 177  2.964 49,5 26,060 21,720
Schist
20 Intact, Granite 195 2,628 55.2 34,850 16,960
Average Grunite 2.628 52,9 36,670 21,280
Average Biotite Schist and 2.856 49.8 21,170 23,870
v ombination

The Scnmidt hammer test wus not conducted on the granite-amphibolite
specimens due to possibility of breakage. Two distinct strength levels
of rock are apparent, as given above, both representing very competent
material. 1lhe biotite schist is a very dense rock with unusually high
wave velocity. However. the granite yielded the higher compressive

strengri,
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Moduli of deformation

4. Representative specimens were aelected for dynamic and statie
modull of deformation tests. The dynamic mnduli were determined by the
propnsed ASTM nechod for determination of ultrasonic pulse velocities
and elastic constants of rock. The static moduli were computed from
theory of elasticity by use of strain measurements taken from electrical
resistance strain gages affixed to the specimens, Noa. 14 and 18, Stress-
strain curves are given {n plates ] and 2. Specimen 19 was cycled at

1,000 nsi and specimen 14 at 20,000 psi. Results are given below,

$necimen Modulus, psi x 1n* shear Pnissnn's
Nao, Young's Bitlk Shear Velocity, fps Rat{o

Dvnanic Tests

14 10,1 L] 4.1 10,590 0.24

1] 15.% 10.5 k.2 12,490 0.25
Staric Tests

124 1.7 5.9 4.5 - 9,20

H 15.9 9.9 5.9 - ). 258

All of the rock tested herein is apvacent ly rather ripid material,
exnibiting little hyeteresis. Asreement detween the different rethods

of moduli deternination is exceptionally good.

Conc lusions

5. The core teceived from honle MG-Ci-2A was identified as nredomi-
nantly pink granite bv the field lor recerived with the core Several
biotite schist and biotite schist granite combination specimens were also
present. No macrofracturing was noted. Unconfined compressive tests in-
dicated that all rock was very compctent material; the granite somewhat

the stronger, but the biotite schist the denser.
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Property

Specific Cravity

Schmidt Number

Compressive Strength, nsi
Compresstonnl Wave Veloeity, fis
Static Young's Mndulus, psi x 10~

Biotite Schist

Cranite and Combinatfion
2.A828% 2,854
52.9 49.8
35,470 21,170
21,280 23,870
10.0 15.0
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AFPFENDIX B
DATA REPORT
Hole MG-CR-10
3 September 1949
Hole location: Marquette County, Michigan
Longitude: 87° S3' 25" West
Latitude: 4%°.25' 19" North
Township 47N, Range 29W, Sectfon 35, SE 1/4
Core

1. The follrwing core was received on 21 August 1969 for testing:

Core Piece No. Approximate Depth, ft
i 27
2 37
3 4
4 53
5 3
6 74
7 X )
-] 91
9 102

10 i
" 115
12 122
17, 130
0 135
19 140
14 148
17 156
18 145
1? 175
20 184
2 194
22 192
&) 198

2. Tve sanples receiv d were quite variable, generally identified
as feoldapathic porphvreplastic gnelzs and schist and amphidbolite by the
field log received with the core. U'iece Nos. 1, 2, &, 5, 6, 7, 8, 9, 10,

11, W, 15, 16, 12, 18, 19, 22, and 23 . -"tained fractures, most of which
were healed.
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Quality and uvniformity tests

3. To determine variations within the hole, specific gravity,
Schmidt number, compressive strength, and compressional wave velocity were

determined on specimens prepared from representative samples as given

below,
Comp
San- Comp Wave
Dle Core Schmidt Strg Vel
No. Rock Type Description Depth Sp Gr No.*  psi fps
2 Tonalite Vertical Frectures 37 2.711 - 26,540 18,925

4 Tonalite Vertical Fractures 53 2.662 59.0 25,820 18,900

5 Tonalite Critical Angle 63 2.659 55.9 7,700 17,160
Fracture

8 Granite Vertical amd Crit- 91 2.661 57.1 14,090 19,080
ical Angle Frac-
tures

10  Amchibolite Highly Tractured 111 2,706 - 8,210 17,230

12  Granite Vuggy, No Notice- 122 2.k94 28.3 7,820 18,805
able Fractures

1+ Granite Vuggy, Vertical 135 2.499 - 5,200 12,880
Fracture

15 Amphibolite Critical Angle Lo 2,84 - 12,120 .9,395
Fracture

16 Amohih~lite O-iticai Angle 148 2,854 46.8 8,000 16,845
Fracture

1&  Tonalite Vertical 145 2,659 61.8 27,180 19,k
fracturing

16 Amphibzlitz Critical Angle 176 2,961 55.3 10,240 22,175
Fractures

22 Amphiholite Vertical Fractures 192 3,170 SL.5 15,695 21,770
23 Tonalite Vertical Fractures 198 2.677 61.2 20:,21\\0 17,350
Average of Vuggy Srvecimens (2) 2.496 28.3 6,510 15,840

Average of Specimens Containing 2.780 53.8 10.060 18,645
Critical Angle Fractures (6)

Aversge of Srecimens Containing 2.776  59.1 24,895 10,270

Vertical Fractures (5)

*  Schmidt hammer test not conducted on several specimens due to possi-
bility of breakage. 83
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4. Representative specimans were selected for dynamic and static
modulf of deformation tests. The dynamic moduli were determined by
the proposed ASTM method for determinstion of ultrasoniec pulse velocities
and elastic constants of rock. The static moduli were computed from
theory of elasticity by uee of strain measurements taken from electrical
rosistance strain gages affixed to the specimens, Nos. 15, 15, and 22.
Stress-strain curves are given i{n plates 1, 2, and 3. Specimens 15 and
22 were cycled at 10,700 psi. Results are given below.

Specimen Modulus, psi x 106 Shear Poisson's
No. Younv's Bulk Shear Velocity, fns Rat {o

gmnic Tests

12 5.5 9.3 2.0 7,535 0,40
14 3.9 3.7 1.4 A,49% 0.33
15 9.4 9.7 3.5 2,560 0.34
1% 7.7 7.0 2.9 R,71" 0.32
22 12.2 4.2 4.5 10,270 0.3%
Static Tests
15 19,0 5.9 4.0 .- 0.2%
1% 7.8 4.3 3.2 - 0.20
22 12.5 R.7 5.0 .- 0.25

The three specinens testeod statically, all very dense material, exhibited
little hysteresis. Due to the voids, meaningful stress-strain data were

not obtained on the vupry specimens.
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Conclusions

5. The core received for testing from hole MG-CR-10 was generally
identified as feldsnathie norphyrnhlastic rneiss and schist and
amphibnlite by the field log recei.ed with the core. The material
from this hole was quite variable, as {llustrated by the wide range
of results obtained from the physical property tests. Generally, the
vuggy material was rather wea’:, exhibiting an average compressive
strength of 5510 nsi. Snecific gravities and comnressional wave
velocities were alsn quite lov. The material containing crirtical angle
fractures yielded an average conpressive strength of 10,760 psi and an
average compressional wave velocity of 18,945 £ps., The nateria: con-
taining vertical fractures exhibited an average compressive strength
of 24,895 nsi, Vertical fracturing anrarently had little effect on the
steenpth: the mainrity of the failuce mndes {n this arnup ~sere either

of a conica! type or of a brittle, vertical splitting nature,

Specimens with Specimens with
Vugey Critical Angle Vertica?l
Property Soecimens Fractures Fractures
Soecific Gravity 2.49% 2.780 2.77%
Schmidt No. 28.3 53.8 $9.1
G moressive
Strength, nrei 5,519 10,065 24,9%9%
Conpressional Wave
Velocity, fps 15,59 19,545 19,272
Static Youna's
‘Wdutus, nsi v 105 - 3.9 12.5
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APPEDIX C
DATA RETORT
Hole MG-CR-18
15 September 1949
Nole Location: Marquette Ccunty, Michigan
Longitwle: 7% 43° 12" west
Latitude: 45° L~ 27" North

Toumshin SN, Range 27w, Sectinn 7, SE 14 &1" I/%

Core
1. The follouwing cove was received on 11 September 1949 for
testing:
are Plece Nn. Aircoximate Depth ft

1 2%
? 37
3 4
5 &5
S 72
4 3
7 93
9 m)
3 133
1B i20
M 123
12 +77]
"3 16!
14 151
! 142
15 LR |
37 IR
€ !:)3
W 3

oeserfvtion

2. The sanples received were pirkishe to arav-colored roc< identifies
as cranitic gneiar bv *he fie!ld lax recrive! with the core, evredt picce
No. 12 whieh vas (dentified as anphib~lite, Practically all of the ruefss
sa=-'es hat tishtly clncel, scaled fractures. Onlv samnles '3 and 15 com-
tained seg s andt oren fractures, i.e,, fractures vhick have tnae visidle,
although discontinunus, void <nace betveen the contact surfsces.

(‘.5




Quality and uniformity tests

3. To determine variations within the hole, specific gravity,
Schmidt number, compressive strength, and compressional wave velocity
wvere determined on specimens prepared from representative samples as

given below:

Sample Core Schmidt Comp Comp Wave
No. Description Depth Sp Gr No. Strg, psi Vel, fps
1 Granite with Verti- 28 2.641 52,9 23,120 19,510
cal Fractures .

3 Granite with Verti- 48 2.685 52,0 30,310 19,580
cal Fractures

4 Granite with Criti- 60 2.667 37.4 11,090 17,540
cally Oriented i
Fractures

5  Granite with Verti- 72 2.681 L9.5 18,110 18,880
ct.l Fractures

6  Granite with Criti- 83 2.669 - 14,000 18,460
cally Oriented
Fractures

8 Granite with Verti- 103 2.654 51.k 18,210 19,440
cal Fractures

11 Granite with Verti- 12k 2.636 - 23,940 19,460
cal Fractures

12  Moderately Fractured 130 2.988 U45.6 15,850 21,520
Amphibolite

15 Granite with Open 162 2.662 - 5,240 18,090
Fractirvres

19 Moderately “ractured 200 2.853 42,6 13,330 20,740
Amphibolite

Average (Except Specimen No. 15) 2.719 L47.3 18,660 19,460

The Schmidt hammer test was not conducted on several specimens due to
the possibility of breakage. Little or no effect of the tightly closed
fractures is indicated on the physical test results., Where open frac-

tureg are present, strength will spparently be significantly reduced.

96
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Madulf of deformation

4. Representative specimens were selected for dynamic and static
moduli of deformation tests. The dynamic moduli were determined by
the vroposed ASTM method for determination of ultrasonic pulse velocities

and elastic constants of rork., The static moduli were computed from

theory of elasticity by ure of strain measurements taken from electrical
resistance strain gaces affixed to the specimens, Nos. 3, 12, and 19.
stress-strain curves are given in plates 1, 2, and 3. Specimens 3 and

12 were cycled at 10,000 psi, Results are given below.

Specinen Modulus, psi x 10f Shear Poissnn’s

No. Young's Bulk Shear vetocity, fns Ratin
Dynamic Tests

3 11.9 7.4 4.9 11,500 0,23

12 4.5 11,9 5.9 11,875 0,28

9 13.5 Q, s.4 1,880 0.25

Static Tests

11,3 A3 4.7 -- 9.21

12 13.4 7.9 5.5 - 0.22

1} 10,5 7.0 4.2 - 0.25

The neglirible hvsteresis exhibited by the specimens which were cyclic

strossed fwdicates a cather tigid material with rtightly closed fractures.

Conclusions

S, The core recefved from hole MG-CR-18 was {dent{f{ed as nsredominantiv

aranitic gneiss by the field lng received with the core. Practically all

saaples contained very tightly closed fractures and contact surfaces. The

97




t

signfificant result was a very low compressive strength (5000 psi)
obtained on one of two specirens found to have prominent macrofractures
and seams. 1If such discontinuities are numerous {n the cored mass, the

conclusions on the area as a whole may be significantly affected.

Property Results*
Specific Gravity 2.719 %
Schmidt Number 47.3 ;
Comnressive Strength,. psi 18,660
Compressional Wave Velocity, fps 19,400
Statie Young's Modulus, psi » 106 12.9

* Exclusive of low compressive strength cbtained
on fractured specinen.
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Core

APPEIDXX D
DATA REPORT
Hole MG-CR-26
4 September 1959
Hole Locatfon: Barags County, Michigan
tongitude: 88° 05' 31" West
Latitude: 46® . 41° SO North

Township SON, Range 30W, Section 29, SW 1/4

1. The following cove was rceeivcd' on 21 August 1969 for testing:

00|cr£gtion

Core Plece Mo. Approximate Depth, £t
1 ]
2 17
3 25
[ 37
H A8
[ $1
7 s?
] 68
9 78
10 a8
131 9n

12 107
13 117
% 119
1$ 124
16 134
17 ws
18 157
19 148
20 kAl
1 176
22 184
23 197
2 200

2. The samples received were gray- to green-gray-colored rock

identified as quartz-mica gneiss by the field log received vilh the

core, Pegms*ite dikes anct intrusions were very abundant,

15, snd 23 contained tightly closed fractures.

103
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Quality and uniformity te-:s

3. To determin: variations within the hole, specific gravity,
Schnidt number, compressive strength, and compressional wave velocity

were determined on specimens prepared from representative samples as

civen below:
Sample Core Log Core Schmidt Comp Conp Wave
No. Description Depth Sp Gr __ No. Strg, ps) Vel, fps
3 Amphibolite 25 2.997 5R.8 25,200 21,955
L Pegmatite 37 2.668 65.1 33,18 19,120
6  Vertical fractured 51 3.070 53.1 27,580 21,635
tonalite
8  Tonalite 68 3.02 54,2 42,20 22,480
9  Amphizoiite 73 2.850 56.2 29,240 20,415
10 Tonelite 88 2.7 61.5 38,940 19,345
12 Pegmatite 107 2.691  60.2 21,060 19,110
16  Moderatuly fractured 136 2.801 sk.,l 17,730 20,810
emphibolie
19  Pegmatite 168 2.673 53.1 31,1k0 18,020
‘*  Amphiboiite 176 2,760  61.2 25,900 19,353
« rugs Pegmatice
Specirens (3) 2.577  5%.5 28,460 *8,752
Average Other Specirens (7) 2.0918 57.¢ 29,590 20,855

The pronounced bunding in the neiss arparently éid not adversely affect
the rhysical t/ st results.

Moduli of deformation

4. Representa i specimens were selected for dymamic and static

noduli of defeormation ‘ests. The dynsmic moduli were determined by the

10k
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propnged AST™ meihod for Jdetermination of ultrasonic pulse velocities
and clastic constants of rock. The static modull were computed from
theory of elasticity by use of strain measurements taken from electrical
resistance strain gages affixed to the specimens, Nos. 3, &, and 10,
Stress-strain curves are given in p'ates 1, 2, and 3. Specimens 4 ond

10 were cycled at 20,000 psi; specim'n 3 was cycled at 15,000 psi.

Results are given below,

Specimen Modulus, psi x 10‘ Shear Poisson's

Na. Young's Bulk Sheay velocity, fps Ratio
Dynanic Tests

3 14.7 11.8 5.7 11,878 0.29

4 9.3 8.4 3.5 9,895 J.2

19 10,7 8.5 4.2 10,540 0.29
Static Tests

3 13.9 9.2 5.5 -~ 0.25

4 11.0 7.2 Ly - 0.24

1) 10, 7.5 4.3 - 0.2%

All of the rock tested herein is apparently rather rigid material,
exhibiting little hysteresis.
Conclusions

5. Th2 core received for testing from hole MC-CR-25 wsas identified
by the field loy received with the core as gray to green-gray quartz-
mica sneiss with adundant pegratite Jikes and intrusions. The only

noticeable differencesx in phyrical properties hetween groups were the

lower specific gravities and compressive uave velocitics exhibited by

105
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the pegmatite. Ccmpressive sirengths were somewhat variable, the
average for all specimens tested deing approximately 30,000 psi.
Snecimen No. 16 yielded the only cumpressive strength less than
20,000 psi. ‘uodes of failure were gen2rally of a conical or vertical

splitting nature, apparently unaffected by banding.

Average of Average of
Pegmatite Other
Property . Specimens Specinens
Specific Gravity 2.567 2.918 J
Schnidt No. 59.5 57.0
Conpnressive Strength, psi 28,450 29,590
Compressional Vave Velocity, fps 18,750 20,%5%
i Static Young's Modulus, psi x 10-6 11.0 12.3

R
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APPENOIX E
DATA RRPORT
Hole MG~CR-28 i
& September 1969
Hole Location: Barage County, Michigan
Longitude: 88° 17'15" West
Latitude: 46° 39'31" Worth

Township 49N, Range 32W, Section 10-3W 1/4, NE 1/4

Gore

1, The following core was received on 1 July 1969 for testing: 3

Core Piece No, Approximate Depth, ft ;

1 7 ;

2 18 3

k) 28 i

4 kt.d 4

5 47 E

6 37 E

7 68

8 77

9 87 E

10 88 ' E

: 11 96 :

; 12 104 =

13 114 ;

14 126 i 3
15 134 .
16 145 .
17 154 f
= 18 165 .

e 19 174

3 20 183 !
= 21 192 i
. 22 200 .
3 Description §
§ 2, The samples received were light to dark gray-colored rock identified .
as quarts mica gneiss by ths field log received with the core. Numerous !
3 pegnatite dikes and intrusions were noted. Piece Nos, 15, 18, and 21 ;

3 centained tightly closed fractures. :




e

Quality apd yniformity tests

3., 7To de‘ermine variations within the hole, specific gravity,
Schmidt mumber, compressive strength, and compressional wave velocity
wers determined on specimens prepared from representative samples as

given below:

Sample Core Schmidt Comp Comp Wave
—No, _ Degcriptjon = Dspth SpGr _ MNo,* Strx, pey Vel, fos
1 Fine Grained 7 2,790 63.8 35,750 18,715

Tonalite
2 Vertical Frac- 18 2,988 61.8 18,480 20,655
twed Tonalite .
S Pine Grained 47 2,705 63.8 29,820 18,985
Tonalite
6 Vertical Frac~ 57 2.797 63.2 22,910 19,760
tured Tonalite
8 Pagmatite 77 2,658 65.2 30,610 19,445
10 Pegmatite 87 2,677 -- 35,000 19,010
18 Pegmatite 165 2,671 63.8 41,200 19,375
?. Dark Tonalite 192 3,037 63.7 26,580 21,950
High Angle
Fracture

22 Medium Grained 200 2.898 5%.7 32,730 20,600
Tonalite

Average of Pegmatite 2,669 64,0 35,605 19,275
Specimens (3)

Average of Fine Grained 2,748 €3.8 32,785 18,850
Spacimens (2)

Average of Medium Grained 2,930 61.4 25,175 20,740
Specimens (4)

* Schmidt hammer test not conducted on sev.zsl specimens due to

posaibility of breakage.




Moduli of deformasion

4. Representative specimens were selected for dynamic and static
moduli of deformation tests. The <ynamic moduli were detemmined by
the proposed ASTM method for detemmination of ultrasonic pulse velocities
and elastic constants of rock. The static moduli were computed from
theory of elasticity by use of strain measurements taken from cloctric.nl
resistance strain gages affixed to ihe specimens, Nos, 1, 8, and 22,
Stress-strain curves are given in plates 1, 2, and 3. Specimens 1 and
22 wers cycled at 20,000 psi. Specimen 8 was cycled at 25,000 psi.

Results are given below,

Specimen Modylus, psi x 106 Shear Poisson's
—bos .  Younz's  Bulk  Shesr  Velocity, fps __Betio
Dynmic Tests
1 10,0 8.0 1.9 10,160 G.29
8 10.6 8.0 4,2 10,805 0.28
22 11.9 10.4 3.6 10,815 0.31
Static Tests
1 11.6 5.0 ‘.8 - 0022
8 11,6 5.9 5.0 - 0,17
22 12,5 8.5 5.0 .- 0.25

All of the rock tested herein is apparently rather rigid material

exhibiting little hysteresis.
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Sonclusions :
5. The core received from holu MG-CR-28 was identified as light to 1
dark gray quartz mices gneiss by the field log received with the core,
Numerous pegmatite dikes and intrusions were noted. Specimens 15, 18,
and 21 contained tightly closed fractures, Unconfined compressive tests
indicated that ths pegmatite and fine grained materials were appreciably
stronger than the medium suin«_l materials, strength of the medium grsined
specimens generally befng approximately 75 percent of the strength

exhibited by the other two groups., Banding and high angle fracuring

seemed to have no significant effect on unconfined compressive strength

of this material,

PN TR U PUISUR YRR

Fine Medium
Pegmatite Grained Grained
Property Specimens Specimns  Specimens
Specific gravity 2,669 2,748 2,930
Schmidt number 64,0 63.8 61.4
Compressive strength, psi 35,605 32,785 25,175
Compressional wave velocity, fps 19,275 18,850 20,740
Static Young's modulus, psi x 1076 11.6 11,6 12,5
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APFFNPIX P
DATA RFPORT
Hole MG-CR-54
11 Scptember 1959
Heiz Location: ‘“Marquette County, Michigan
longitude: 87° 53° 45" West
latitude: LA®.40° 38" Norih

Tuwn:hi’, 30N, Range 29%, Section 35, § 1/2 SE I/

1. The fullowing core was reccived on S Seutember 1939 for testimg: .
Core Piece No. Approximate Denth, ft
1 7
2 15
3 28
4 35
S 47
A 55
7 58
L 79
9 85
in 95
1 195
12 117
13 125
14 149
i 15 w7
' 14 157
. 17 147
3 18 177
19 187
! 20 195 I

Description

2, The sanples received were gray- to green-gray-c .tored ronk
identified penerally as a nigiratite comrler by the fiele log reccived
with the core. All ezwpien appeared to he aetamorphosed Sgneous rock
except Mos. 1, 9, and 11 which consisted predominantly of dark green .
aphiholite. All samples contained healed, randomly iviented fractures

or infnts.
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Quality snd uniformity teats
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3. To determine variations within the hnle, specific gravity,

Schmidt number, compressive strength, and compressionul tvave velocity

were determined on specimens prepared from revreseatative samples as
given below: ;
Sample Core Schmidt Comp Comp Wave i
No. Description bepth So Gr No. Strg, psi Vel, fps 3
E |
1  Highly Fractured "7 2.7 37.3 8,790 18,940
Amphibolite ;
2  Highly Fractursd 15 2,667 - 15,360 19,k 3
Tonalite :
6  Highly Fractured 55 2.6k - 3,080 19,540 g
Toralite
7  Highly Practured 68 2,653 1.8 16,L8 19,410 H
Tonalite 3
8  1ignly Fractured 79 2.653 - 2,910 19,360 :
Tonalite 3
.
9  Highly Practured 85 =2.866 -~ k950 21,620 4
Amphibolite g J

11 Highly Fractured 105  2.745 -- 3.5€0 20,68 '

Amphibolite

1k Moderstely Fractured 140 2,704 .7 7,000 19,670
Tonalite

Al ey

W

3 18  Moderately Fracturea 177 2.658 - 5,540 19,880
= Toaalite

=

= 20  Moderately Fravtured 195 2.668 - 5,880 19,550
5 Tonolite

hverage of Specimens Which Fasied  2.707 7.3 %,020 19,940
28 on Fractures (7)

‘
O

Average of Specimens Not Influenced 2.475 %s.8 16,510 19,520
by Practures (3)

iy 7“41 Al iy

The Schmidt harmer sast was not conducted on amny of the specimens due to

the possitility of breaksge. Visually, the rock appeared tc be & rather

competent materisl, &pecific gravity and wave velocity measurexmencs

—— - —— —— 2 S——"

did not detzct the detrimental effzct of the fracturing. Although tightly

| . Aot Y
KR AT o s R wio® s L LA P,

closed, the fractures and Joints significantly rnduced the compressive
120
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strength. These tresults represent the first i{ndication of Incompetent
vaterial {n the Michigamne Ares.

Moduli of deformation

4, Representat’ve specimens were selected (or dynmic atd static
aalull of deforation tests. The dynanic modull were determined by the
propused ASTM nethod (or determination of ullrasonic tulse velrcities
and clastic constants of rock. The statfc acdulic were computed from
thecry of elasticity by ure of strain messurewents taken fron ¢imctrical
resistance strain sages affixed 35 the xpecimens, Nos. 1, 8, and 18,
Stress-strafn cvrves are given in plates 1, 2, and 3. Spocimens 1 and
1R vere cycled xt 5000 psi. Rasults are Zlven delow,

Srecimen Modulug, pst « 30° Shear folsson’s
No, Young's Rislk Shoar Veincity, fos Ratio

mnmin Tests

3 8.5 Q.7 3.4 9,573 0.33

Q 9.5 a.% 1.4 19,980 0,32

tR .3 9.2 3.7 10,150 0.32
Jtayic Tesxts

1 .9 %.7 &.3 -— 39.1%

S Q.3 5.2 1.7 - 2.25

19 9.7 5% 3.2 - 9,2%

S. The aoduli indizate that the vzck, although fractured, is a
relatively ricid materisl. Anpurentiv the fructures are well healed or
rlosed, The stress-seviin cvrve far specimer No, 1 indicates sone crack
closure at the Ymmr stress leveis; howrver, nn clozure is indicated on
sorcinen Nos. R and 18, Some hysterasin s slso evident in the curve

abtained on specimen No, 1,

121
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Conclusions

5. The core received fro» hole MG-{R-54 wus green- to gray-colored
rock identified as baing a migmatite complex by the field log received
with the core. The samples received were predominantly metamorphosed
ignecus rock. All specimens contained tightly closed fractures. Uncon-
fined compressive teste indicated that fractures oriented at critical
angles apprecisbly reduced the conpressive strength compared to specimens
in which fracturing apparently did not affect the strength results. The

atregs-strain curvez indicated little erack closure and littie hysteresis.

Specirens Failure Not
thich Failed Influenced by
Froperty on Fractures Fractures

Soecific Sravity 2.707 2.67%
Schmidt Number 37.3 45.8
Compressive Strensth, nsi $,020 15,419
Compress{onal Vave Velocity, fps 19,940 19,520
Static Young's Moculus, nsi x !0'6 9.6 -
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